We determined 90% of the primary structure of E.coli MRE 600 23S rRNA by applying the sequencing gel technique to products of Tl, SI, A and Naja oxiana nuclease digestion. Eight cistron heterogeneities were detected, as well as 16 differences with the published sequence of a 23S rRNA gene of an E.coli K12 strain. The positions of 13 post-transcriptionally modified nucleotides and of single-stranded, double-stranded and subunit surface regions of E.coli 23S rRNA were identified. Using these experimental results and by comparing the sequences of E.coli 23S rRNA, maize chloro. 23S rRNA and mouse and human mit 16S rRNAs, we built models of secondary structure for the two 23S rRNAs and for large portions of the two mit rRNAs . The structures proposed for maize chloroplast and E.coli 23S rRNAs are very similar, consisting of 7 domains closed by long-range base-pairings. In the mitochondrial 16S rRNAs, 3 of these domains are strongly reduced in size and have a very different primary structure compared to those of the 23S rRNAs. These domains were previously found to constitute a compact area in the E.coli 50S subunits. The conserved domains do not belong to this area and contain almost all the modified nucleotides. The most highly conserved domain, 2042-2625, is probably part of the ribosomal A site. Finally, our study strongly suggests that in cytoplasmic ribosomes the 3'-end of 5.8S rRNA is basepaired with the 5'-end of 26S or 28S rRNA. This confirms the idea that 5.8S RNA is the counterpart of the 5'-terminal region of prokaryotic 23S rRNA.
INTRODUCTION
We have previously sequenced fragments of E.coli MRE 600 23S rRNA encompassing about 75% of the molecule (1) . The relative order of these fragments can now be unambiguously determined by comparison with the sequence established for a 23S RNA gene of an E.coli K12 strain (2) . As differences were observed between some of the sequenced fragments and their counterparts in the rDNA (1, 3, 4) , we decided to complete our sequence analysis of E.coli MRE 600 23S RNA.
Since the experiments performed for this purpose also gave us information on the secondary structure, we began a systematic study of this secondary structure.
The secondary structures of 5S (5) and 16S rRNAs (6, 7, 8) have already been studied and were found to be highly conserved throughout evolution, base-pair-ings having been maintained by compensating mutations. For instance, a secondary structure similar to that established for E.coli 16S RNA can be formulated for maize "chloroplast 16S RNA (8) . We postulated a similar secondary structure conservation for 23S RNA. Since genes coding for maize chloroplast 23S RNA (9) and for mouse and human mitochondrial 16S large rRNAs (10, 11) have been sequenced, we compared the possible base-pairings in these three RNAs with those in E.coli 23S RNA. Using these results and those obtained in the course of the sequence study, we could propose a model of secondary structure for E.coli and maize 23S RNAs and for large portions of the two mit 16S RNAs. As fragments of large subunit rRNA from several other organisms have been sequenced (12-19), we also looked for possible secondary structure homologies between these fragments and E.coli and maize chloroplast 23S RNAs.
In this paper we describe both our experimental study of E.coli MRE 600 23S RNA primary and secondary structures and our comparison of sequence complementarity in large rRNAs. The results obtained are discussed, taking into account published data on the structure of 50S subunits and on putative functional sites of 23S RNA.
MATERIALS AND METHODS
Preparation of E.coli MRE 600 23S RNA and 50S subunits was as previously described (20) .
1. Partial digestion of 50S subunits was i) with Naja oxiana RNase (21), in 0.3 M KC1, 10 mM MgCl 2> 10 mM Tris-HCl pH 7.5 buffer, with 8 U of RNase per 100 yg of subunits, for 4 hours at 0°C ; ii) with Tl RNase, in 10 mM MgCl 2> 10 mM Tris-HCl pH 7.5 buffer, in the presence or absence of 2 M urea, for half an hour at 0°C, at enzyme/substrate ratios between 1/100 and 1/1000 (w/w) ;
iii) with SI nuclease in 3 M NaCl, 0.001 M ZnCl,, 0.05 M Na acetate buffer pH 5.7, overnight at 4°C, with 250 U of SI nuclease per 50 yg of subunit. In each case, the digestion fragments were extracted with phenol and fractionated on a 6% polyacrylamide gel.
2. Partial digestion of 23S RNA was in 10 mM Tris-HCl pH 7.5 buffer in the presence or absence of 10 mM MgCl,, for half an hour at 0°C, with Tl or pancreatic RNase. The enzyme/substrate ratios were between 1/3000 and 1/1000 (w/w)
for Tl RNase and 1/100 000 and 1/10 000 (w/w) for pancreatic RNase. The digestions were stopped by phenolic extraction and the fragments were fractionated on 12% polyacrylamide gels.
3. Sequence analysis of the resulting fragments : 5'-ends were labeled with 32 32 y-P ATP and T4 polynucleotide kinase and 3'-ends with 5'-P pCp and T4 RNA ligase. When necessary, the terminal phosphate was eliminated prior to labeling by the action of alkaline phosphatase. 5'-end labeled fragments were analyzed by the enzymatic method for RNA sequencing (1), 3'-end labeled fragments by both the enzymatic and chemical methods (22) .
Computer analysis of complementary sequences was done on a minicomputer
using a program derived from that of Fipas and Me Mahon (23).
RESULTS
1. Experimental study of E.coli MRE 600 23S RNA. The 50S subunits and isolated 23S RNA were digested under a variety of conditions with various RNases as described in Methods. Tl and SI nucleases were used in conditions such that they cleaved single-stranded regions, whereas Naja oxiana nuclease was used in conditions where it cleaved only base-paired RNA regions (24,25). The fragments resulting from these digestions were end-labeled and sequenced on gels using either the enzymatic method or the chemical method for partial digestions. Models of E.coli 23S RNA. The sequence given is that of the rDNA (2). The heterogeneities and sequence differences observed in E.coli MRE 600 23S RNA are represented by circled nucleotides, the post-transcriptional modifications are indicated on the sequence itself, * corresponds to the presence of a non identified post-transcriptional modification. The positions of nuclease digestion of E.coli 23S RNA within 50S subunits are indicated by * O T l (i n the presence of urea), 4 # Tl (in the absence of urea),* • SI and « • Naja oxiana, the position of nuclease digestion of isolated 23S RNA are indicated by <-"C>T1 and « ^ pane. K indicates the site of kethoxal modification,® corresponds to sites which are protected in the presence of the 30S subunits (43) . When hairpin structures existed in isolated fragments and were resistant to the denaturing conditions of sequence analysis , we have indicated the extremities of the fragment in which theywere observed (j-» i \ ) , the relative sensitivity of their guanines to Tl RNase digestion as deduced from the sequencing gel (•,",-) and the nucleotides corresponding to band compression on the sequencing gel () {). The proposed base-pairings which are strongly supported by the experimental results and (or) by the results of sequence comparison, are indicated by a full line across the base-pairs. The others are considered as putative. Alternative base-pairings are indicated by sequences boxed by dotted lines and joined together by an arrow.
Models of maize chloroplast 23S RNA. The sequence is that established by Edwards and Kossel (9). The base-pairs which are identical in maize and E.coli RNAsare represented by thick bars, those represented by thin bars are either conserved by base-compensation or are additional. The nucleotides in singlestrands which are conserved from E.coli to maize chloroplast have been boxed by full lines, the semi-conserved ones by dashed lines.
Models of mit 16S RNAs. The sequence given is that of mouse mit RNA (10) . The mutations in human mit RNA (11) compared to mouse RNA have been indicated in circles, 'y represents a deletion. Sequence conservation from E.coli to mit RNA is represented as for chloroplast RNA. (31) . The positions of the extremities of these fragments are indicated (•^•), the numbering is that previously adopted. Several of the hairpin structures were stable in the denaturing conditions of sequence analysis (sequenced fragments 1 to 4 ) .
b) The region 1-548 of maize chloro. RNA. Compared to the corresponding region of E.coli RNA this region of maize RNA contains a long deletion (nucleotides 133-147 in E.coli) and a long insertion (nucleotides 258-279 in maize). The deletion leads to the disappearance of a hairpin structure and the insertion to the appearance of a possible additional hairpin structure. c) Putative base-pairings of the region 1-223 of mouse mit RNA. d) A model explaining the interaction between 5.8 S rRNA and 28S rRNA . The sequences are those of X. laevis rRNAs (18) . The nucleotides found at identical positions in the structure of the corresponding region of E.coli 23S RNA are boxed.
in double-stranded regions, depending on the enzyme used for the digestion. cleavage at guanines in single-strands were more intense than those corresponding to cleavage at guanines in double-strands. Furthermore, some strong basepairings were stable under the denaturing conditions used for gel electrophoresis, thus producing band compressions. This information has, however, been used with caution since structural rearrangements might occur in isolated fragments.
The structures deduced were only considered valid when confirmed by sequence comparison as described below. c) The regions 224-61 1 of mouse 16S mit RNA and 219-601 of human 16S mit RNA. The structure formulated for segments 45i)-504 and 557-594 in mouse RNA is only tentative since the corresponding structure in human RNA has different loop sizes. The mutations from mouse to man are not indicated for these segments. conserved constitute independant domains of secondary structure.
When looking for the secondary structure of the 23S RNA regions which have a counterpart in mit RNAs the following strategy was adopted. The complementary sequences existing in the E.co1i RNA region were found by computer analysis and those filling the following criteria were selected : I) must not contain Tl or SI cleavage sites, 2) maize RNA must possess corresponding complementary sequences, 3) in the mit RNAs, the corresponding sequences must be either complementary or deleted. Using the base-pairings selected in this way, a model of secondary structure was built for the two regions 577-1195 (Fig. 3a) and 1651-2629 ( Fig. 5a ) of E.coli 23S RNA and for the homologous regions in maize 23S RNA ( Fig. 3b and 5b ) and in mouse and human mit 16S RNAs ( Fig. 3c and 5c ). The secondary structures of these two E.coli RNA regions are strongly conserved in the 3 other RNA species, so that almost all the base-pairings proposed are convincingly supported by compensatory mutations.
For the three 23S RNA regions which are less conserved in mit RNAs, sequence comparison with these mit RNAs could not be made. But information on the secondary structure of these three RNA regions has been previously obtained by studies on protein-23S RNA complexes (31, 32) or on the structure of P.vulgaris and A.punctata 23S RNA fragments (4).
Thz 5'-teAminaZ IZQion (1-530) of E.coli 23S RNA remains associated with
protein L24 upon digestion of the L24-23S RNA complex (31) . We have previously demonstrated the existence of long-range RNA-RNA interactions in this area (33, 34) and can thus propose a convincing model for this region of E.coli and maize 23S RNAs (Fig. 2 a and b) . Several of the hairpin structures proposed were present in sequenced RNA fragments.Only the structure of the segment 446-514 is ambiguous. This segment displays few internal complementarities and among those found, two alternative structures are possible : one is consistent with base-compensation in maize RNA, the other with sequence conservation in mit RNA (Fig. 2 ) . Indeed, the segment 446-483 of E.coli 23S RNA is strongly conserved in mit 16S RNA. In the rest of the 5'-terminal region of mit RNA the sequence has diverged, nevertheless a hairpin structure similar to that proposed for the segment 183-215 of E.coli RNA can be postulated (Fig. 2c) . We have indicated the extremities of the region found associated with protein LI (4-LI) (3) and those of the region found associated with 5S RNA and proteins L5,L18,L25 (<-5S) (46) , the positions of the nucleotides corresponding to those conferring chloramphenicol resistance in 21S mit rRNA of yeast @ (15, 2) , the probable site of crosslinking between 23S rRNA and a puromycin derivative ( < -P u ) (48), the position of Um •& has been deduced by Bear andDubin (30) by comparison with the sequence containing this modified nucleotide in hamster mit RNA. Base-pairs and single-stranded nucleotides which are conserved in both chloro. and mit RNAs are indicated by thick bars and boxed nucleotides, respectively.
Thz ZtrvtrwJL
b) The region 1766-2724 of maize chloro. 23S RNA. The region 1926-2340 is compared to the corresponding one in Drosophila virilis 28S rRNA (14) : the hairpin structures which can be constructed with the sequence of this latter RNA are indicated by a full line across the base-pairs, the conserved nucleotides in single-strands are underlined with full lines and the semi-conserved ones with dashed lines. In the same way, the region 2440-2724 is compared to the corresponding one in yeast mit 21S rRNA (15) . The phosphodiester bonds corresponding to positions where introns were observed in the rDNA of some eukaryotic rRNAs are indicated ( m I), 1 Drosophila virilis 28S RNA (14), 2 Tetrahymena pigmentosa 28S RNA (12), 3 Physarum polycephalum 26S RNA (17), 4 yeast mit 21S RNA (15), 5 Chlamydomonas chloroplast 23S RNA (16) .
c) The regions 793-1464 and 780-1439 of mouse and human mit 16S RNAs respectively. "& these nucleotides were found to be 2'-0 methylated in hamster mit RNA (30) . Bear and Dubin proposed the same structure for the region 1283-1441 (30) . Secondary structures similar to those proposed for the corresponding region of E.coli rRNA can be formulated for all of these eukaryotic rRNA regions (Fig.5 ) .
The E.coli RNA region 2150-2710 contains long single-stranded stretches which are highly conserved in all the RNAs examined (Fig. 5a,b) .
DOMAIN VII
/fljjUGUG,ACCGlAU|GGGUC ... According to the proposed models,23S RNA contains 7 domains closed by long distance base-pairings (these domains have been denoted I to VII in the figures). Each of these domains displays sites of Tl,SI and Naj a oxiana nuclease digestion within the 50S subunit. Therefore, each of these domains have both single-stranded and double-stranded regions at the surface of the subunit.
The 5 1 and 3' domains (I and VII) were previously found to be highly resistant to Tl RNase in E.coli 23S RNA. The stability of the secondary structure of domain I and of part of domain VII was confirmed by the sequencing gel technique. Most of the hairpin structures in domain I and some in domain VII resist the destabilizing conditions of the sequencing techniques (Fig. 2, 6 ).
Furthermore, inspection of the gel autoradiographsalso suggest the existence of interactions of a type other than the classical Watson-Crick base-pairing which occur in some of the loops (Fig. 2) . Domains I and VII should be close to each other in the subunits as the 3' and 5'-ends of the molecule are basepaired. They might constitute the back side of the subunit as the 3'-end of 23S
RNA has been located on this side by immune electron microscopy (41). We previously showed that these two domains, together with the central domain IV, a few other small pieces of 23S RNA and a limited number of 50S proteins consti-tute a compact area of the 50S subunits which resists Tl RNase digestion (42) .
These three domains which probably have a structural role have been strongly reduced in size in mit RNA.
On the other hand, domains II, III and especially V and VI have been strongly conserved. Large portions of these domains were found to be stripped from the 50S subunits upon treatment with Tl RNase (42) . Finally, since the genes for some large eukaryotic rRNAs contain introns it is worth noting that all intron sequences reported up to now occur in regions corresponding either to domain V or to domain VI of 23S RNA (Fig. 5) . The rRNAs containing inserted sequences in such strategic domains probably lead to inactive ribosomes so that the process of excision and ligation of the intron sequences might regulate the level of protein synthesis.
